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Chapter 7. Sea Ice Altimetry
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7.1 INTRODUCTION

Using altimeter data for quantitative information about
seaice is an idea with relatively few proponents. Often the
poor spatial sampling given by the altimeter’s single-point
measurements along widely spaced ground tracks and the
difficulty of interpreting altimeter pulse echoes over ice are
cited as reasons to avoid altimetry. It is becoming evident,
however, that altimetry may be able to make unique mea-
surements. For instance, the altimeter data record reveals
the presence of small areas of open water within the pack at
concentrations too low to be detected by a passive micro-
wave sensor such as a Special Sensor Microwave/Imager
{SSM/I) and too small to be resolved by satellite synthetic
aperture rada: (SAR).

At high latitudes the net laid down by a satellite
altimeter’s ground track becomes dense, and spatial sam-
pling (over a period of days) can approach the resolution of
SSM/1. A satellite altimeter’s along-track resolution of less
than a kilometer is better than that of SSM/I, and the
altimeter’s sensitivity in detecting the ice edge is greater.
The low data rate makes it possible to process altimetry in
near-real time. For these reasons, an ice edge product
derived from Geosat altimeter data has been used opera-
tionally at the Navy/National Oceanic and Atmospheric
Administration (NOAA) Joint Ice Center to supplement
infrared imagery for estimating ice edge position [Hawkins
and Lybanon, 1989].

Microwave Remote Sensing of Sea ice
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Objections concerning the difficulty of interpreting al-
timetry over ice are more difficult to meet, in part because
of the paucity of ground truth or imagery ceincident with
altimetry. In this chapter, we cover some of the research
into understanding altimeter backscatter over sea ice and
interpreting altimeter data in terms of parameters such as
ice type, concentration, edge location, and wave penetra-
tion in the marginal ice zone.

7.2 INSTRUMENT DESCRIPTION
7.2.1 Instrument Design

Satellite altimeters have evolved steadily from Skylab,
which in 1973 demonstrated the concept of altimetry from
space. Development continued through GEOS-3 in 1975
until the 1978 launch of Seasat, which carried the first
altimeter capable of measuring sea surface topography
with an error of only a few centimeters. Precision in range
or height measurement is obtained through a design that
takes advantage of the ocean’s near-Gaussian wave height
distribution and uniform dielectric characteristics. Over
ice, where surface height distributions and dielectric char-
acteristics vary sharply from place to place, measurements
of height and backscatter are often misleading. Therefore,
it is necessary to understand how altimeters are designed
to operate before nne interprets altimeter backscatter from
seaice. Altimeters planned for the 1990’s will refine rather
than change the Seasat design, upon which the following
description is based. Hereafter, similar altimeters such as
Geosat and ERS-1 will be called ERS-1 class altimeters.
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2.2 Pulse Lonted Aitoroetry
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Satelhte altimeters use pulse width-bunted seometry . A
wide-beam (with a 3-dB haltwdth of 058 e Seasut
refatively long ton the order of microsceonds: pulse 1
emitted, and the pulse echo s processedin o way equivalent
to measuring the travel time to the surfuce and hack of a
much shorter pulse only o few nanoseconds oy This
technigue of pulse compression gives hivh range resolution,
tFor a tull explunation of pulse compression on satelite
altimeters, see Chelton et all 119891 The arcu on the
surface tluminated by the pulse grows with time unuld the
tratlingedze of the pulse leaves the lowest reflecting ponts
at nadir  Figure 713, The masimum area sunultaneously
illuminated, then, depends on the surfiace beight distrabu-
tion and effective icompresseds pulse length, This area s
usually referred to as the pulse-timuedtootprinte PLE . Tor
Seasar thedinmeterofthe PLEPwa<1 Ske L0 00 oothsea

and grew to 7.7 km for a significant wave height iSWHof

10 m. Asthe pulse continues to move out over the surface,
the footprint becomes an annulus of constant area and
increasing circumference. It s important to note that due
to irregularities in surface roughness and slope, the true
illuminated area at any time may be irregular in shape or
discontinuous. Over ridged sea e, for instance, an off-
nadir ridge sail may be high enough tobe ituminated at the
same time as the ice near nadir.

Altimeters that use beam width-limited geometry emit
anarrow beam and do not rely on pulse-compression tech-
niques for accurate range measurements. Footprint size
depends only on beam width and satellite altitude. This
geometry is not used for satellite altimeters because precise
antenna pointing capability is a necessity and the antenna
size and gain required to generate a narrow beam are large.
However, use of a beam width-limited altimeter would
s.mplify interpretation of signals overice, because footprint
area remains constant regardless of the surface height
distribution [Rapley et al., 19831,

{a;
Pulse
Length//\

ct /
v/

g

Area

ApLF
: {Smooth
v Sea)

Time
Fig. 7-1. ta) Area illuminated by a pulse hitting the sraooth ocean’s
surface and (b the growth of the footprint area with time for
smooth and rough seas. The PLF islargerfor meter-scale roughness,
since the time required for the onlse to travel from crest to trough
vxeeeds the offictive puls. Yengthe Graph is not to scale.

Ohg Board the satelhte the voho of the cantted pulse s
dutferenced wath aderamping «onad The Iroqueney o the
enntied pubse chuanpes over the pubee feasth meoa hiear
chirporramyp Thetotudchango mtrequeney over theramp
1s the bunde dthof theinstrameny The deramping ~ionad
sso-cialled becatise the effect of 1 groccemang slep s Lo
retove the ramp o frequeney from the pulse ccdin g
generated ot w delay tane o determnaed by the onbourd
trackie ant Thos time correspunds to the expected arrvul
time at the recenver of the reflected pulse from mean ~en
level The resulting sipnal = a2 psxture of returns from
individuad point scatterers . Echoes from wave crests arnive
fir=t and are therefore shifted carhier m time from tracking
tme . Fora pulse-himited altimeter, returns shofted later
than tpcome not only from pomts below mean zea level, but
also, as the footprint expands=. from ~catterers distant from
nadie. Ifthe height distributwon for the area over which the
pulsv expands remains Guussian throughout, the shape of
the signal S resulting from all seatterers s civen by the
convolution of functions deseribing the transmitted pulse
shape, the antenna gain pattern, and the surface height
distribution | Drinkwater, 1991}, This signal is the pulse
echo wavetorm (Figure 725 The half-power point iz at
delay time ¢, which gives the range to mean sea level
Maximum power occurs at the delay time at which the
maximum footprint area is achieved. At later delay times,
power drops off due to the antenna gam pattern. Over the
ocean. the slope of the leading edge cor ramp) of the wave-
form is inversely proportional to SWH, and the peak power
is related to wind speed. The characteristic shape of this
signal only holds for reflecting surfaces of meter-scale
roughness for which specular point scattering can be as-
sumed.

The digitally sampled waveform has a vlue ot 80 (for
Seasat)contiguous timeintervals, centered, if the trackeris
operating correctly, on the half-power point. The time
intervals, or range gates, each correspond to a two-way
travel time resolution of 3.125 nanoseconds, which is
equivalent to a range resolution of about 1 meter. (Better
precision in the range to nadir or height measurement is
obtained through averaging:. The powerintherangegates

Halt-Power Pont

N

30

Returns From Troughs and Off-Nadir Points

A

/7
Returns From
Crests 0

Time

Fig. 7-2. The milse echo for pulse-limited altimefry and a Gaussian
surface height distribution. The half-power point at t, corresponds
to the delay of returns from the mean sea level.




is the result of backscatter from range rings within the
altimeter footprint ( Figure 7-3). The area covered by each
range ring is equal to that of the PLF

Apip= nrpf = neHr (1)

whereryris theradius of the PLF, H is satellite height above
the surface, and ris compressed pulse length (neglecting,
for simplicity, the Earth’s curvature). With thisexpression
for area, it is possible to use the radar equation to arrive at
an expression for the powrr received from any range ring

G220, ct
Pranue vine =Py ————8—¢- )
range ring =t A AT)2H3 !

where Ly, 1s atmospheric attenuation loss. Using a form
of this equation, backscatter can be retrieved from wave-
form range gate samples. For Geosat, the formula is

0°; = 10logyy Pi + AGC + K + 30log,q 'I%;*" Lym 3

where Pjis the powerinrangering! expressed incounts, Hy
is a reference height, AGC is the attenuator setting {(de-

™

Range Rings 1to n
n = 30 for Seasat

Last
Second Ring

Ring

PLF (Caim Sea)

< 10 km >

Range-Window-Limited Footprint

H

Fig. 7-3. Altimeter footprint range rings (not to scale). Each ring
corresponds to a range gate in the digitally sampled waveform.
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seribed in Section 7.2.4), and K is a constant dependent on
system parameters |Ulander. 1987a). The peak backsceat-
ter usually appears inone of the first few runge rings forsea
ice and is gencrally assumed to be the backscatter from
nadir. When altimeter backscatter measurements are
referred to in what follows, it is usually the peak backscat
ter that is meant.

While the PLF corresponds to that part of the waveform
over which the maximum power 15 reached, the range
window-limited footprint corresponds to the area mapped
out by the pulse at the end of the time corresponding to the
last range gate. For Seasat, the diamcter of the rang.
window-limited footprint was about 10 km, und the angle of
incidence at the last range ring was about 6..3°.

7.2.3 Waveform Averaging

Inthe case of noncoherent scattering, the phase relation-
ships of returns from all {acets or specular points are
random. The vector sum of amplitude und phase for
reflections within a range ring is different for cach range
ring, which lends noise or fading characteristics to indi-
vidual pulse echoes. Therefore, waveforms are averagedto
reduce fluctuations and to provide a good estimate of height
(given by the half-power point} and backscatter. Lach
wavelorm must be a statisticallvindependent sample. The
pulse repetition frequency (PRF) necessary to avoid corre-
lation between pulse echoes depends on the surfuce
roughness and orbital velocity. Seasat used a PREF of
1020 Hz. Fifty echoes were averaged. during which time
the satellite nadir track moved about 330 m. Foraltimetry
over the ocean, averaging 50 echoes is a good compromise
that provides enough samples for an accurate power exti-
mate while not degrading the along-track spatial resolution
of the measurement beyond acceptable bounds. given the
typicalscale of changes in dynamic sea surface heightowing
speed, and SWH. Whensurface characteristicsarc changing
over the integration time (as is often the case overice
when pulse echoes are dominated by one or several strong
scatterers, waveforms that result from averaging will nat
truly represent the surface.

7.2.4 The Adaptive Tracker and Procressing Loops
Accurate estimates of height and other parameters de-

rived from waveforms depend on accurate superposition of
pulseechoes foraveragin“ 'Yhia’ 'mturn dvpcnd»‘(m pm;wr

the method by which thisis ac hlm ed is ha.wd on t.?w Seasat
adaplive tracking unit, but Geosat and ERS-1 trackers are
similarin concept. The adaptive tracior ttadi wareforme
through an automatic gaincontrol {AGC Hleop and tracking
torrange and range ratetoops. The \(}(‘rrmpmwm nﬁhf’
tracking system constantly adjusts the gaoafth :
Lo achieve Lhe maxamuin sigmal-1o- nmwmtm Priwver mthw
the (averaged) waveform .. computed according to

AR NS
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where / is range gate number, P is the power texpresscd
as a count value) in each gate, and Sc ts a scale fuctor, Fig-
ure 7-4(a). An attenuation value is computed according to
the recursion velation

AGC tn + 1= AGC (i) + adAGC 153

where AAGC is the difference between AGC . and some
reference, and a is some constant (0.0265 for Seasati. The
AGCloop works tokeep the average power in the waveform
constant. It is updated at a rate of 20 Hz tevery 50 pulses,
and the new value is applied to the next 30 pulse echoes.
Because of the factor a in the recursion relation, an adjust-
ment to the value of AGC necessitated by a change in
backscatter from the surface takes place over 0.8 scconds,
during which time the satellite moves 5.3 km. While the
parameter AGC is a good estimator of backscatter over the
ocean, this i1s not the case over ice, where peak power can
change an order of magnitude in a much shorter distance,
Therefore, to retrieve high-frequency variability in back-
scatter it 18 necessary to take into account the count values
in each waveform, along with the AGC value that was the
attenuator setting during the waveform integration ime.
In such cases where backscatter is changing quickly AGC

{a)

Range Window

; , Haif-Power Point

AGCgate

1 30 60

1 EM L 60

Range Gate

Fig. 7-4. The altimeter range window and gates. a1 Overtheocean,
the powcoinAGC, . she 4~ el he powerin the waveform,
The half-power point occurs at time ¢y if the tracker is operating
correctly. th) Early (E1 middle (M), and late (10 gates in the center
of the waveform determine the slope of the ramp tproportinnal to

SWH . The half-power point should be in gate M.

1y overestunaiing or underestimatng powers anid the g
nal-to-noise rato will ot be optial

I Fissure 7-3 stvpiend of wecun sipnnde G
AGC,
The power i the conter of the rare window o toew
in a middle gate Mowhich 1
Pilgure 7-4b
error Ao where

15 about cguad te b the power s the v

O] o
st Teee s voediead e T

The trucker seck b munnoee the oo

v AGC M ,
by shifting the range wandow
power pumntin M. The width of e Mdepeonde onthe
o the leadingedge of the wavetorny and theretere o W
The tracker adapts the width o Mo range potes baeed o

1y Gittee s o heep Thie B!

iu;s‘

* voebs,
ot

the difference between power oo varly ate B o
bottomof'the rampand ahater e Latthe topelthe ronp
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single runge gate wide [Chelton ot ol

The range vrror A i used G prodict the rance

surface tand theretore the debay ime g st the conter ot the
range vandow ot subsequent pubs s acoerding o
R N IR IR B LR VAR Y T

where s thevange crrar for prbocsoans the traek o G
constant, Vs the update mterval of the loopg and

A%

is the range rate. Time conztants a and b can be adjusted
to merease the ambity of the tracker cat the price of
creased noise. ifferent designs for tracking ocean and
nonocean surfaces have been explored [Melntvre ot ol
1986: Raplev et al., 1983 Ulander, 19587¢). The ERS
altimeter hasboth anocean mode. which uses s Suboptimal
Maximum Likelithood Estimator iSMLE: tracker, and an
ice mode. which has a sphit-zate tracker unlike the Seiaat
Geosattracker |Griffiths et al. . 1957H Thewce mode tracker
has a wider range window forbetter trackingover undulating
continentalice shelves. Forseaice, however it = not heazht
vanationsconfounding the agibtvofthe tracker but vather
backscatter variations within the footprint. which intro-
duce errors exacerhated by interaction hetween the pre

i)

cessing laops.
7.2.5 Errors Common Over lee

Figure 7-5illustrates how the rapid rise and fall of sea ice
wavetorme confounds the Wacker seivction of gea, 50M,
and L. Because of the steepness of the ramp and the rapid
fall-off from the peak value in the return waveform in
Figure 7-3(a1, the power in M is not half the average power




in the waveform. Power within the AGC gate is much less
than that within the middle gate. In extreme cases, this
results in a large negative height error, causing the tracker
to shift the range window so that subsequent pulses appear
later in the range window, Figure 7-3(b). On the next
update cycle, the middle gate measures the noise before the
ramp, resulting in alarge positive height error. The tracker
corrects for this until the peak is in the middle gate again
when the error repeats. This error, called tracker oscilla-
tion. is evident in data that exhibits height excursions.
Tracker oscillation can sometimes be corrected by retracking
the waveforms. Retracking involves (1) applying an algo-
rithm to the waveform record that finds the point on the
waveform that should corresponds to return from the sur-
face at nadir, and (2) using the position of that point relative
to the center of the range window to correct the beight
estimate based on the range window.

The range and range rate loops, like the AGC loop, were
updated at 20 Hz (every 50 pulses) va Geosat and Seasat.
Pulse echoes acquired with the same loop settings were
averaged to make waveforms. However, waveforms were
telemetered at 10 Hz, so the telemetered waveform is the
average of two 350-pulse mean waveforms from two
tracking loop updates. If the position of the range
window is changing rapidly (due to changing topography or
tracker oscillation), the resulting telemetered waveform
will be a blurred or sometimes double-peaked composite,
Figure 7-6(a). Errors resulting from the incorrect
superposition of waveforms for averaging are termed te-
lemetry summing errors [Rapley et al., 1987]. ERS-1
telemeters waveforms at the trackerloop updaterate(20 Hz),
thereby avoiding the problem that appeared in Seasat and
Geosat data.

(a)

Range Window

AGC gate

1 EM L 60
Range Gate

Fig. 7-5. (a) The ramp of a Lypically peaked waveform from sea ice
can appear entirely in gate M. (b) This causes the tracker to shift
the range window earlier in time for the next update cycle.

Ferrpwes £ 4 11D

Tracker oscillation cannot bé completely elipunated hy
retracking if telemetry summinyg errors are present, Fig-
ure 7-6(h). However, the probability thut such errors exist
can be estimated Ly examindng the range rate paraioeter,
which will peak when the range window 1s changing at the
greatest rate and the probability of blurring 15 hughest
{Laxon, 1989]. The combined effect of tracker osallation
and telemetry summing, when 1t produces @ sudden shutln
range and blurred or deuble-peaked waveforms, 1s some
times referred to as height ghtch.

When the AGC loop sets the AGC value oo low to ac-
commeodate powerin the peaked portionof an ive waveform,
saturation occurs, Saturation was common in Seasut data
{Wingham and Rapley, 19871 It is often associated with
frequency splatter. Figure 7-6ici. where puwer from the
saturated gate appears in carhier and later gates. Another
artifactoften presentinice datais snaggingor "oil-runging.”
This occurs when a bright feature at nadir is followed by the
tracker as it recedes, until itis sufficiently far {from nadir for
the true nadir return to once again Jominate. Often thas
occurs at a transition from pack to fast ice, or from thinice
to multivear (MY ice {Laxon, 19891,

Antenna off-pointing was a serious problem with Geosat.
QOccasionally, the off-pointing was severe enough o cause
loss of lock, a situation where the waveform disappears
from the range window entirely for a few telemetry frames.

a) S00—T—T—T— 77 () T T
5 400} ] eoof =
=
< 300} -
kel 4001 1
14
‘@ 2001 —
8 200} -
T 100} -
0 } { { ] 0 i
0 10 20 30 40 50 &0 0 10 20 30 40 50 &0
Range Gates Range Gates
{b) Height Glitch Events Retracked Raw
Elevation Elevation
-41.92 \ L
£ -42 61+ /
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W _44 681
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-—23 55—
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Fig. 7-6. Common errors in altimetry over sea ice. (a) An example
of telemetry summing causing double peaking in a Seasat wave-
form overice[Ulander, 1987b]. (b)Seasat data showing oscillation
in the onboard height measurement. Retracking does not remove
the oscillation due to telemetry summing errors | Laxon, 1989}
(c) A saturated Seasat waveform {Ulander, 1987b).
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Over the ocean, off-pointing can be identified by the atten-
dant rise in power in later gates, and a correctior can be
applied. Over sea ice, unpredictable waveform shapes
make this impossible, resulting in altered waveform shapes
and unidentifiable errors in height and backscatter mea-
surements. The stabilizer used on ERS-1 should prevent
off-pointing from being a serious problem.

Once the altimeter record over ice has been retracked
and edited, the backscatter coefficient for any range gate
can be found from the wavetorm using Equation(3)-viththe
telemetered waveform range gate count values and the
value of the attenuator setting (AGC). However, it is
important to remember that the altimeter moves abouy
0.66 kun between tclemetered waveforms (for Geosat and
Seasat). If the statistics of the surface are not stationary
over that distance, the backscatter estimates may be mis-
leading.

7.3 Sta IcE SCATTERING MODELS AT NORMAL INCIDENCE
7.3.1 Introduction to Altimeter Backscatter Models

The distinguishing characteristics of ice waveforms are
that they are often narrow-peaked in shape, taper off
quickly with incidence angle, have high backscatter coeffi-
cients at nadir, and are widely variable. Average annual
values of Seasat backscatter over Arctic and Antarctic sea
ice ranged from approximately 0 to 45 dB, with a mean
greater than 20 dB [Laxon, 1989]. In contrast, backscatter
over the ocean has a range of between 8 and 15 dB,
depending on sea state [Chelton and McCabe, 1985]. Onthe
basis of dielectric characteristics alone, one would expect
ocean backscatter to be greater than that forice, and indeed
for surface measurements of backscatter at nadir this is
usually the case. The dynamic range of altimeter measure-
ments over ice cannot be explained by variability in the
dielectric characteristics of ice alone. Since backscatter for
airborne and satellite altimeters is dominated by surface
rather than volume scattering, the nature of altimeter
pulse echoes must be primarily determined by surface
roughness. Specular or coherent reflection from smooth
surfaces near nadir may produce the peaked component of
waveforms, while diffuse reflection from rough surfaces
may account for power in later, off-nadir gates. But while
sea ice or ocean surfaces can in certain circumstances be
extremely smooth, the question remains as to whether
these surfaces are smooth over large enough areas to
contribute coherent returns. Models that invoke only
noncoherent (diffuse) reflection, on the other hand, may
have difficulty describing the high backscatter from nadir
and narrow peaked shape often =een over ice.

The physical characteristics of sea ice are quite variable,
which compounds the modeling problem. Sea ice consists of
both level and deformed ice of different ages, often with
superimposed dry or wet snow layers. Water openings of
different sizes and with variable wind conditions are often
present. Thedifferentlayers andinterfaces of the snow, ice,
and water may all contribute to the scattering of electro-

magnetic waves. Depending on the frequency used, how-
ever, it is often possible to neglect particulur scattering
terms and thus simphify the scattering computation, For
example, the surface will appear rough and result ax the
dominance of diffuse scattering if the surface height vana-
tions are large compared with the radar wavelength, The
dependence of surface roughness upon radar wavelengthas
expressed in parameters koand b, where k = 204 gis the
standard deviation of surface height. and/ is the correlation
length of surface roughness. These parameters determine
the range of validity for con.monly used models. In the
following, we consider surface scattering close W normald
incidence. The emphasisisonradar wavelengths inthe Ku-
ba.d (1.7 10 2.4 cmy, since most radar altimeters used for
geophysical remote sensing operate in this band.

7.3.2 Backscatter From a Stetionary Gaussian Random
Surfuce

This section concerns backscutter from level and snow.
free sea ice. The ice is modeled as a homogeneous medium
with constant dielectric constant. Its surface has small-
scale height variations represented by a stationary Gaussian
process. The electromagnetic scattering from such a sur-
face has been studied extensively in the past, but a general
closed-form solution has not yet been found. A recently
developed model for a perfectly conducting [Fung and Pan.
1987} and dielectric {Chen and Fung, 19911} surface has
promise, but its range of validity has not yet been deter-
mined. High- and low-frequency solutions, however, are
readily available and are sufficient for the present discus-
sion.

7.3.2.1. Specular backscatter from a perfectly smooth
surface. A surface is usualiy considered smooth if it meets
the Rayleigh criterion. For Ku-band, 6 must be less than
about 0.3 cm. The scattering pattern for such a surface will
show a large phase-coherent component of backscatter in
the specular (nadir) direction and a much smaller diffuse
component at other incidence angles. If a surface is per-
fectly smooth and planar, scattering is confined to the
specular direction, with no diffuse component, and is
equivalent to ray reflection. Such a surface will produce
true specular reflection ifit is perfectly smooth over at least
two Fresnel zones. The edge of each circular Fresnel zone
is defined where the phase of the reflected wave has changed
by 0.5n compared with a reflection from the nadir point.
The diameter of the first zone is given by

Dyg = (2AH)12 (9)

or about 180 m for an ERS-1 class altimeter. Although
possible in theory, it is unlikely that the rms height of the
surface is perfectly smooth, or even smooth to within a few
millimeters, over an area of several hundred square meters.

Itis not convenient to describe true specular reflection in
terms of a backscatter coefficient. However, it is possible to
derive an effective backscatter coefficient that is dependent




on the radar system. For example, the backscatter coeffi-
cient of an infinitely large dielectric mirror observed by a
pulse-limited altimete1 is given by [Ulander, 1987a|

., H
O coh = |R(_0)12; (10;

where R(0) is the Fresnel reflection coefficient R(6) evalu-

ated at 0°. The subscript indicates that reflection is, of

course, coherent. The theoretical maximum return for an
ERS-1 class altimeter, then, is about 48 dB, assuming an ice
reflection coefficient of about -11 dB.

7.3.2.2. Coherent backscatter from a slightly rough
planar surface. When a small rms surface roughness is
superimposed on a flat, planar reflecting surface, an ex-
pression may be derived for the coherent backscattering
coefficient, 0°.,, which accounts for the sphericity of the
wavefront and the radar system impulse response [Fung
and Eom, 1983}

ir(o)"

Ccoh = L exp|-dk :cr:+-97-. (11)
Byt

N

Byl

Equation (11) assumes a Gaussian beam described by the
one-sided pulse-limited beam width ﬁzp]f, where Byjr=ctH.
At normal incidence this simplifies to [Ulander and
Carlstrém, 19911];

H
O con = | R(0)} 2—exp (—4k202) 12)
cT

Figure 7-7 illustrates the coherent backscatter function
derived using Equation (11) with suitable parameters for
the ERS-1 altimeter and the Rutherford Appleton Labora-
tory (RAL) airborne altimeter {Drinkwater, 1987] respec-
tively. Forthe satellite case, the fall-offin 6° ), is extremely
rapid for all surface roughnesses. The maximum backscat-
ter values of between 40 and 48 dB occur for slightly rough
surfaces typifying new saline ice (i.e., £*=4.0 + j0.4). In
contrast, the RAL altimeter, with a pulse-limited beam
width of 0.63°, gives a much wider response function that is
lower in peak power at all roughnesses. These results
demonstrate the role that the compressed pulse length and
altitude of the altimeter play in dictating the coherent
response function of a slightly rough surface. In shoart, the
system impulse response is the most important factor in
determining the decay of the coherent scattering coefficient
with incidence angle. Furthermore, the coherent power is
sharply reduced as the surface roughness increases only
slightly.

7.3.2.3. Noncoherent backscatter from a rough surface
whereklislarge, but ko is small. Field measurementsofsea
ice surface roughness typically show that the rms height o
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Fig.7-7. Coherent backscatter versusincidence angle for space and
airborne platforms.

is 0.1 to 1.0 em and the height correlation function 1s
exponential or Gaussian with a correlation length { of 2 to
10 cm [Ulander, 1991}, For radar wavelengths in the Ku-
band, this ice surface is in the intermediate roughness
range. Note that the correlation length is generally larger
than the radar wavelength. The Kirchhoff approximation
can therefore be used to evaluate the scattering integrals
{Beckmann and Spizzichino. 1963}. This approach uses the
diffraction integral for the scattered field and the tangent-
plane approximation to compute the surface currents. The
latter requires that the average radius of curvature of
scattering elements be large compared to the wavelength.
The rms surface slope must also be less than 0.25 radians
in order to allow computation of an approximate (scalar)
solution for dielectric surfaces. With these restrictions, the
noncoherent backscatter coefficient 0”4, 1s given by [ Ulaby
et al., 1982]

o(6) =IR{6)" 2t%cos?0 expl-g) 3. E~W (2k sing,0) (13)

n=1 .

where g = (2ko cos6)? and the first-order slope term that is
important for larger incidence angles has been excluded. In
Equation (13), the roughness spectrum W™K, K, is re-
lated to the nth power of the correlation function defined by
[Fung and Pan, 1987}

W (Ko K,) = ~2~1~]'” [ o8 )exp (kg L) dzag 1)
ﬁ —on §—ra

where p(£§) is the two-dimensional normalized height
autocorrelation function. Analytical expressions for the
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integral in Equationil-b), when the surface is 1sotropic and
has a Gaussian or exponenual eorrolation funetion, can be
found in Ulaby et al. {1982} and Kim et al. 119851, respee-
tively.

7.3.2.4. Noncoherent backscatter from a rough surfuce
where kKl and ko are large. In the Kirchhoff or physical
optics theory, when rms height is much larger than the
radar wavelength it is possible Lo evaluate the diffraction
integral using a stationary phase approximation|Beckmann
and Spizzichino, 1963]. This corresponds to the geometric
optics limit, in which the surface is assumed to be made up
oftangent planes or specular facets that are infinitely large
with respect to a wavelength. Thus it is often known as
specular point theory. For suchroughsurfaces, backscatter
iscompletely noncoherent and the backscattercoefficient is
given by {Ulaby et al., 1982]

o16)=

e (X p

R(0}* (_ tan "0
sTcost o

where s” is rms slope in radians.

The scalar and tangent-plane approximations, Equa-
tions (13) and (15), respectively, buth give the mean
noncoherent backscatter from a stationary Gaussian ran-
dom surface. Since backscatter is being summed
noncoherently, if an altimeter were to scan such a rough
surface the returned power would exhibit statistical fluc-
tuations or signal fading (described in Section 7.2.3). The
return power is then distributed according to a negative-
exponential or Rayleigh distribution, provided that the
following conditions are satisfied:

{1} Manyindividualscatteringelements contribute tothe
returned power, and no single one dominates.

(2) The amplitude and phase of returns from the scatter-
ers are independent, and the phase distribution is
uniform.

7.3.3 Backscatter From a Heterogeneous Random Surface

Equations(11)and(12)show thatthe coherent returnis
ahighly nonlinear function of the rms surface height. When
the rms height changes only from 0.2t00.4 cm, the coherent
component is reduced by 17 dB. This suggests that the
normal-incidence rcsponse is dominated by the smoother
parts of the surface for which the rms height is a tenth of a
wavelength or less. The first model to recognize this fact
was that proposed by Brown [1982]. The model assumes
thatthe scattering originates from an ensemble of circular,
horizontal, and flat dielectric patches near nadir. The
patches are assumed to cover asmallfraction of the surface,
to be located at the same height, and to be randomly
distributed in the horizontal plane. Brown shows thatboth
a coherent and a4 noneoherent component result from this
model. The formeris caused by the patches being tocated at
the same vertical level, to within a few mm, and is propor-

tiunal to the nuntber of patches squared. The bty i
caused by the random horzontatdistribonionof the patches
and 1s directly proportional 1o the number of prdches
Although the model reco. zes the impurtance of the spu-
tiad variabglity of the surtuce characteristics, 1 inherenth
assumes that retlections from the patches add coberentldy,
This assumption is probably unrestistic in practice at least
for spaceborne svstems, due tothe lurge iirst Fresnel zone

Another model hasbeen proposed which does not require
the flat palches to add coherently | Ulander and Carlstrom.
1991} The backscattered power 15 instead assumed to be
dominuted by reflections from horizontal and 1lat patehes
that add nonccherently. A narrow-peaked wavetform may
occuriithe patches are sufficientiy large. This assumption
is more realistic, but field measurements are preseutly
lacking to verify it Using physical opties. the radur cross
section from a =ingle cireular and flat diclectric pateh is
given by

“ }
2%

where A is the pateh areua, D is the pateh diameter, and the
angular response has been approximated by a Gaussian
function with 6;) =~ 0.3 2.0, For a collection of sparsely
distributed and horizontal patches, we then obtain the
backscattering coefficient according to

/")" a6

P

slo)-a li’(())*‘("" <xp(

0’(0):5’?((1))“ AR (1) i(.r”.' :«:.\‘p‘«- v J 0T
where F i5 the fractional coverage of flat patches.

Equation (17) does not take the altimeter system im-
pulse response into account. When the patch dismeter is
sufficiently large to produce a narrow-peaked wavelorm.
the effective backscattering coefficient is given by

18
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T cv

H
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Typical values for the narrow-peaked backscatter coeffy-
cient, as measured by spaceborne altimetors, are 20 to
40 dB, corresponding to F = 0.2% to 165 according to Equa-
tion (18}, In this class of surface. the coherent coraponent
can exhibit signal fading as the number of patches or
reflecting facets within the first Fresnel zone varies from
pulse to pulse. Although the terms specular and coherent
reflection are often used interchangeably, true specular
reflection originates from a single infinitely large twhen
compared with the PLF)mirror-like facet and does not show
fluctuations in amplitude and phase from pulse 1o pulse.

It is also possible to modify the Kirchhoff models accord-
ing to Equations (13 and (151 to include the effects of a
heterogencous surface and to produce a narrow-peaked
waveform. We here give the result for the geometric-optics
model
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which only differs by a factor 0.9 from Equation (18). This
shows that the geometrical optics and flat patch medel
predictions are indeed very similar, although the scattering
mechanisms assumed are very different. The approach
taken by Ulander and Carlstrom [1951 | is more realistic in
that it accounts for height distributions or surface tilting of
patches and is not restricted by the approximation of
scattering by individual facets to the scattering from smooth
specular points. But while the assumptions of the other
models are simplistic, the notion that scattering from many
individual surface elements conforms reasenably closely to
that from a specular surface appears not too far from the
truth.

7.3.4 Discussion

In order to contrast normal incidence coherent and
noncoherent components of a waveform, we consider here
the relative difference in their power using an expression
for the ratio of noncoherent to coherent backscatter. The
expression is dependent upon the radar system parameters
as well as the radar height above the surface and the rough
surface statistics. At nadir, the expression is

0 9 > m
Onon_ _, 2 a2 k()
Guon = oAk Br Y.

Ocoh m=1M.m

(20)

wherek = 21/4, ko = 4 k262, and fy¢is the one-way halfbeam
width (F¢is equal to cvH). Note that the ratio becomes
independent of the surface reflection coefficient when this
approximation is used.

Figure 7-8 puts into perspective the relative contribu-
tions of coherent and noncoherent backscatter to the maxi-
mum power in a peaked signal. The upper panel shows the
ratio for a satellite-borne altimeter, and the lower for an
airborne altimeter, calculated from Equation (20). Ineach
case, the ratio is plotted against k¢, with isolines of kI. The
figure indicates that either component of backscatter can
dominate the signal peak, depending on the roughness of
the surface and the altitude and system point target re-
sponse of theradar. Fortheregimeko<1.0andk{<7.0,the
scattering should be predominantly coherent according to
Kirchhoff theory. Such surfaces have been measured for
artificial ice, labeled (a), and naturally occurring sea ice in
the Gulfof Bothnia, labeled (b). Such surfaces, however, are
rarely encountered in dynamic regions, where typical rms
height and correlation lengths exceed 0.3 and 7.0 cm,
respectively (i.e., ko > 1.0 and &/ > 7.0). Based on field
measurements, the noncoherent component approaches
and can exceed the coherent component in the roughness
regimes of the Beaufort and Labrador Seas, labeled (c) and
(d).
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In Figure 7-8tai, the relevant systemn paramelers are
selected for the ERS-1 altimeter. Results indicate thatitas
likely that a dominant coherent component will be observed
in the waveform peak over most consohdated ice surfaces
except those such s in rough ice regime (dy Inregimestay,
{b3, and (¢! the coherent component is more than 5 dB above
the noncoherent component. To contrast with the satellite
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Fig. 7-8. Incoherent/coherent ratio for (a) spaceborne (ERS-1
altimeter)and (b) airborne (RAL altimeter) platforms. The labeled
areas correspond to ice roughness regimes measured in several
experiments: 1 = CRRFLEX, 0.29 < ko < 0.58. 2.9 < &l < 8.7,
2 = BEPERS, 0.56 < ko < 0.97, 1.2 < kI < 19.5: 3 = Beaufort'$0.
085 <ko<1.76,58<kl <34.7;and 4= LIMEX'87,1.19<ko< 128,
11.6 < kl < 66.5.
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situation, Figure 7-8tb) demonstrates that the simple in-
crease in the antenna PLF beam width of the airborne
altimeter results in increoasing dominance of diffuse or
noncoherent backscatter. Fvidently, only in the smoother
regimes of ice roughness will the coherent component ap-
proach or exceed the nonccherent returns. This may occur
over calm ocean surfaces in marginal ice zones, over frazil
slicks or smooth new ice sheets such as nilas, oreven during
summer melt, when maximum melt pond coverage is
achieved. Under calm wind conditions melt ponds provide
extremely effective specular reflectors.

Typical waveforms from the RAL altimeter show dis-
tinct examples where the peaked component in the wave-
form does dominate the diffuse component | Drinkwater,
1987;1991 |, evenin circumstances where the majority ofice
is relatively rough. This cannot easily be explained by the
simplified arguments oresented above, because the ice
surface in those cases 1s assumed to be uniform in its
characteristics. Obviously there are situations where phase-
coherent returns can oceur from rough surfaces with mixed
reflection coefficients and roughness scales. This idea is
applied to a case of quasispecular RAL altimeter signals
where the ratio of coherent to iioncoherent powers is of the
order of 25 dB {Drinkwater, 1987; 1991]. Such signals are
shown to originate in arcas of smooth open water between
floes {such areas have a reflection coefficient about 10 dB
greater than that of ice), and areas of new ice growth. For
mixtures of specular ocean and diffuse ice scattering, the
areal proportion of smooth ocean required to produce this
type of signal 1s less than 1% { Drinkwater, 1991|. At least
in the marginal ice zone, the dominant scattering mecha-
nism therefore appears to be coherent reflection from smaoth
water between floes, or from new ice growth where centime-
ter-scale waves are damped out. Similar examples of
extremely strong signals exceeding 30 dB (and often reach-
ing 40 dB or more) have been observed in satellite altimeter
measurements by both Ulander [1987b; 1991 | and Laxon
{1989]. Robin et al. {1983] calculated that only 0.01% of the
surface within the PLF need be smooth to produce a char-
acteristically peaked satellite waveform.

Given the importance of open water to waveform shape
and power, it is necessary to understand under what condi-
tions areas of open water might produce coherent returns.
Long wavelength swell is almost completely damped out
within a few tens of km of the ice edge. Shorter wind waves
are damped in a short distance, on the order of km, but may
be regenerated by wind in areas of open water[Wadhams et
al., 1988|. Wadhams {1983] calculated the short wave-
length roughness generated within the pack using

X
0= 0126502 172 1)

where U/, is the friction velocity determined from wind
speed, X is fetch, and g is the acceleration due to gravity.
The standard deviation of surface height versus fetch for
various wind specds, calculated from Fquation (21), 1s

shown in Figure 7-9. Figure 7-9 illustrates how wind speed
can determine whether an arca of open water of a given
width will appear coherent to the altimeter. For a fre-
quency of 13 GHz, this requires that obe less than 2. 88 iam
to meet the Rayleigh criterion, or less than .72 mm to meet
the more stringent Fraunhofer criterion. Although these
relationships are only approximate, they ot least give a
first-order indication of the circumstances under which
open water within the pack is likely to produce a near-
specular return.

To conclude, the scattering mechanism for the narrow-
peaked waveforms observed by altimeters hasbeenarather
controversial issue in the past. There are not enough
measurements of the surface roughness of ice at mm scales
to provide a solid basis for theoy. Invesiizators have
arrived at different conclusions: that the waveforiuns origi-
rote from true specular reflection |Shapiro and Yapiee,
1975; Eom and Boerner, 1986] or from quasispecular
noncoherent scattering {Robin et al., 1983; Rapley, 1984:
D-'nkwater, 1987|. The latter explanation assumes that
tue rms surface slope is small (less than the angle sub-
tended by the PLF), such that the angular extent of the
scattering is confined to within the altimeter angular re-
sponse. It turns out that the effective backscattering
coefficient for the two cases in fact agree, as noted by Robin
etal. (1983}, Thisimpliesthatitisimpossible to unambigu-
ously determine the scattering mechanism from waveform
data alone [Ulander and Carlstrom.1991].

One approach to resolving the quertion for sea ice is to
compile probability density functions of echo energy ovei
example areas. Ifthe scattering is noncoherent, the prob-
ability density functions (pdf's) will result in a Rayleigh
distribution. If indeed coherent returns are occurring, the
pdf’s will be more Gaussian in nature. The compilation of
such pdfs should be undertaken for a variety of instru-
ments of differing operating parameters ({requencies and
beam widths) in order to establish the principal effects,
Alternatively, it should be possible with an airborne system
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Fig. 7-9. Standard deviation of surface heigh.i . ersus fetch for wind
speeds from 1 to 16 m/s. The cutoffs for the Rayleigh and the more
stringent Fraunhofer criteria for a smooth surface are shown,




to overfly the same surface at different altitudes. This will
enaovle the range dependency in the scatiering signature to
be evaluated and thus the scattering mechanism to be
resolved completely. Compuaring airborne and helicopter-
borne results is an alternative method of analysis.

Note thai the dependence on altitude in Equations (11}
and (12) implies that it may be difficult t¢ compare
spaceborne and airborne measurements if a coherent com-
ponent is present. Typically, the altitude of an airborne
altimeter is two orders of magnitude less than that of a
satellite, which reduces the coherent component from that
measured by a satellite altimeter by about 20 dB. The
noncoherent component, on the other hand, is unchanged.

Realistically, in considering coherent reflection one must
acknowledge that nrany returns with different tracker
biases or tracker jitters are added together to produce a
mean satellite waveform. This inevitably results in a
waveform which is the equivalent of the random
superposition of mixed coherent and noncoherent compo-
nents of the return signals. The fading of signals occurring
between independent along-track views of Lhe surface fac-
ets will inherently lead to some mis-superposition of pulses
and thus noncoherent averaging of the signals during the
tracking process.

7.4 THEORY VERSUS MEASUREMENT
7.4.1 Surface Measurements

Toimprove the retrieval of geophysical information from
altimetry, it is necessary to better understand what an
altimeter is sensing. Answers to questions such as—Where
1s the signal originating? and What are the effects of snow
depth and ice type on backscatter? can be provided by
surface measurements. Near-surface backscatter mea-
surements from the Fram Strait marginal ice zone (MIZ)
have been acquired at frequencies of 5.25, 9.6, 13.6, and
16.6 GHz using a frequency-modulated continuous-wave
radar scatterometer with pencil-beam antenna patterns
(two-way beam widths of 1.5° to0 4.5°). The radar scattering
coefficients were determined by comparing surface returns
with returns from calibration targets of known radar cross
section. These observations were made from a helicopter in
conjunction with surface observations that allow backscat-
ter to be related to a particular ice type or to ocean condi-
tions {Onstott, 1991; Onstott et al., 1987]. Also givenin this
section is a synopsis of recent measurements in the Weddell
Sea.

7.4.1.1. Vertical incidence scatterometer data from the
Fram Strait marginal ice zone. The four major ice types
present when the measurements were made in midsummer
were multiyear (MY), thick first-year (TFY), medium first-
year (MFY), and thin first-year (ThFY). Snow depths for
MY and FY ice by midsummer were about half of what they
were at the beginning of summer. This is importantin tiat
thick ice, such as TFY and MY ice, will have enough snow
cover to mask much of the ice surface from microwave
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radiation for at least half of the two-month-long summer,
Data were acquired by 1lying scans from a pusition over the
oceanabout 20 km from the ice edge. across the ice edge, und
into the MIZ until large floes were encountered (an addi-
tional 20 km). One such transect is shown in Figure 7-10,
[Mustrated in these data is the transition from the strong
backscatter of the open vvean, to a region of calm water (3
kminextent immediately adjacent wothe e edge. through
a well-delineated and compact ice edge, into 4 region with
bands of similarly sized ice floes and varyving ice concentra-
tion, and then into a region of 904 ice concentration und
large multivear floes.

Using the open acean signature as a reference, the area
of dead water near the ice edge produced an enhancement
of about 6 dB. Backscatter from ice is dramatically smaller
{by 8 to 21 dBy, in contrast to the usual observations by
airborne and satellite altimeters moving from ocean to MIZ.
Thisdifference may be explained by the much larger Fresnel
zone of airborne and satellite-borne instruments, whichcan
encompass flat areas, with a resulting dominance of coher-
ent reflection. As the ice concentration increases deeper in
the MIZ, a lower average return is observed. The strongest
returns are associated with the water between {loes. These
returns are specular in nature and are characterized by a
cross section at vertical of greater than 25 dB and a
reduction in intensity of almost five orders of magnitude by
25°. These results support the assertion that peaked
returns in airborne and satellite data come from smooth
water between floes. The range of scattering coefficients is
also of interest. The range for the open ocean is about 6 dB,
whereas in the MIZ it is about 40 dB. The high range inthe
MIZ is due to the presence of areas of open water, which
produce a variety of microwave signatu.es influenced in
large part by their position from the ice edge (Figure 7-111.
Outside and within the ice edge, variations in ocean surface
roughness are caused by complicated interactions between
wind, waves, currents, and fresh water input. These inter-
actions are driven by effects related to cold air from the pack
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crossing fro n the cold veean Gee and sea surtace temperas
ture of U7 to 2.5° () near tie we edge to the warmer open
ocean tseasurfuce temperature of 4.4 Co One result ol thes
movement of cold air s the arca of calm water adpacent to
the ice edee.

The transition from the open oceun to the calim water
within the MIZ s very rapid wn this case  {t occurs within
600, and it produces large level shutts in backseatter. Ths
sharp delineation was observedoften during MIZEX'83 und
B4, Ambiguities or errors in detecting the e edge with
altimetry may oceur 1f the ocean near the ce edge damped
by a cold air mass 1s mistaken as an ocean surface damped
by a thin laver of ice. In the satellite case, the we edge 1s
marked by a similar increase in varability but higher
backscatter values over the ice.

The MIZ ts 4 dynamic region. Diffuse scattering from
deformed ice is observed to produce returns 12 dB below
that of flat ice  Returns from water in the shadows of floes
aie 2 to 5 dB above typicil ocean returns from within the
MIZ. Backscatter modulations are also found te be a
function of ice concenteation and. to a lesser extent, floe
size. Based onother vbservations by Onstott, the backscat-
ter response for winter isanticipated to be very similar. The
distribution of features within the boundaries of a floe may
also have animportant impact on the backseatter response.
Pressure ridges, melt ponds, and the blocks taat pile around
the floe edges require consideration. New pressure ndges
may form at floe boundaries and are ditferentiated from
older pressure rndges that may be covered with a layer of
wet snow. P'dgesresult in weak backscatter, with the more
recently formed ridges producing the more diffuse scatter
response. Pools. often small und protected from wind by
undulating ice, were found to produce backscatter cross
sections of a magnitude similar to that of shadowed water
signatures. OnJuly 5, when these observations were made,
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Fig. 7-11. Liquid ocean radar scattering cross sections shown as a
function of position from the e edge at 13.6 Gliz and a vertical
incidence angle.

manimad foe area wis covered by melt ponds Mol jaond
formation was, buwever, under rapd seceleration nod e

July Yocoveraye on MY loes was extimatod ol abwut 2

PR 3 Sbid re adiserimination i Froen
Strad measurements, During sammer, the retlectnst o
nadir of FY and MY e s determuned by the prosence o
moist snuw, Lhe arcal extent of et ponds. sod tepograpby
Melt ponds increase the reflectvity of o o and topopra
phy acts 6 reduce the mtensity of the reflecton At
136 GHz, the reflectivities for the three primary iee tvpees
are withunavery narrow 1 SdBrunpe Tuble 71 showsthat
the backscatter response follows i durge part, rurface
topography.
thinnest snow cuver mean of 4 eme and o Ghular,
httle fany deformation. Iproduces the furpest reflectints
of the three e types. Physicalhy, MEFY 1ce 1 minafar te
ThEY ice, except that it has a thicker snow cover fmean of
10 cm. MFY and MY share o siumlar sipnasture. that of an
we sheet withuvery thick snow Laver. Thedatinat 13 6GHy
for snow-covered MY appear hugh ot first gance, but upon
further examination they are consiatent wath the other
observations shownn Table 7-1. A MEY floe produced a
signature 3 dB lower than that of ThEY, where snow wie
about 10 em. On the same MFY floe. however, there was g
regio” where snow had accumulated to 14 o Here the
reflectivity snereased to 8.0 dB. Thix s identical o the
reflectivity observed on the MY ce and within 1.2dB of that
of Th¥Y ice. Thick snow on the MY e, ruther than the
snow-ice interface, dominatex the MY ~ignature.
While backscatter for winter and summer FY ice 1.
similar, significant differences in the seasonal response of
MY ice are observed. These are related to the masture
contained in the snow and ice sheet [Onstott et al | 1987
Moisture limits the penetration into the 1ce sheet, thereby
reducing or negating the volume scattering that dominates
the backscatter response of MY ice dunng winter. At
vertical incidence, this causes a 9-dB signature enhance-
ment tat 13.6 GHz! for MY ice during summer when com-
pared to the winter response.  Measurements of snow
moisture show that the bulk wetness of the snow pack 1s
about 5.57% by volume, and the majority of the snow pack '

Ice type and reats

Thin first vear e as characterized by the
wills

very

TABLE 7-1  Radar scattering cocfTictents at vertical incidence
angles expressedan decibels. Measurements were abtaimed Juiv 5,
1984, in the marginal ice zone {Onstott, 19911

Frequeney, GHz
5.25 9.6 136 16.6

13.3

Scene

145416

174224 21.5269
4

Ocean, open

Ocean, edge

Ocean, interior 3134101 2282226 245224

Thin FY ice 20412 H1G4 GL26R RO59
Medium FY ice ARE24 29530 4.7:09 7.0
MY thick snow 135300 26440 TH3Y 6150
MY with melt pools 1042827 R3398




old and has a density of 400 to 5300 kg m” {Onstott ot ol
19871, The penetration depths calculated for these condi-
tions are about 4.5 cm, L.8em, 1.5 0m, and 1.3 cn for 525,
9.6,13.6.and 16.6 GHe, respectively. The snow puck on MY
iee up to midsummer may be 40 cin. Note that at 13.6 GHe,
only 1 to 3 em of snow 15 required before the snow fayver
completely dominates the backscatier response sinee for
each penetration depth the inadent signal experiences o
9-dB round-trip loss.

7.4.1.3. Shipborne Ku-band radar vbservativns in the
Weddell Sea. Ku-band radar data were sequired during a
transect of the R.V. Polarstern through the Weddell Sea
during the austral winterof 1989 | Lytle et al, 1992) AVYV
polarized network analyzer-based radar developed at the
University of Kansas made observations at incidence angles
spanning 0° to 307, Most radar data were acquired on ice
floes against which the ship was moored. Measurements of
physircal properties of the sea ice included surface rough-
ness, snow cover thickness, snow and ice density, and grain
size and salinity. Ice freebourd data were also collected by
drilling numerous holes through the e and measuring
water level relative to the ice surface.

Flooding at the ice—snow interface seems to be a charac
teristic phenomenon of the western Weddell Sea {Lange
and Eicken, 1991; Wadhams ¢t al, 19871 This process is
apparently associated with enhanced snow accumulation
depressing the ice surface below sealevel. Flooding changes
density and salinity in the lower parts of the snow layer,
which in turn affects the radar response. Backscatter is
plotted against freeboard and parameterized against slush
layer presence in Figure 7-12. Backscaiteriselevated when
a slush layer is present, presumably because of the en-
hanced dielectric contrast. Flooding, then, may be another
mechanism for situating a relatively bright target within
the radar footprint. The possibility of flooding must be
taken into account when attempting to interpret altimetry
in terms of ice concentration or type. Laboratory measure-
ment to further study the importance of flooding are de-
scribed in Chapter 9.
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Fig. 7-12. Average ice freehoard versus ¢° parameterized against
the presence of a slush layer.
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Fedor and Walsh, ysxe boas docurnietited the cdiarae

tics of airborne alUmeter waovelorims G er fasture o woa
ive and water, Neverid of these studie~ Powell oy ol pusd
Cowan and Squire, 19847 document resylie from s e
faunch copangn for ERS-E s which the HAL altineter
acquired data i eapermments devised o ostdicate the
churacterstics of searce el ant o ulUmeter pub-o analyves
Aurborne sltimetors generally hosoowider beape thurn st
cllite altimeters, 1 order to reduce the smpact of antenna
oft-puinting caused by wireraft motion A wide bewrn laads
w different waveform charactenstios than sare oleerved
with a satelltte-borne imstrument. s was discyssced i
Section 7.3.2.
instrument s usually o factor of TO0 simadler than for o
satelhite altimeter, whale t subtends o wider oo
incidence anygles. This s o enities) difference. because
arvas consisting of mistures of ace and wiater there e
inherently a larger arca of water avinlable to the satchne
altimeter for scattering trom nadir than s avastable to the
lower altitude mirborne instrument. Another conmeguence
of the airborne altimeter's wider beam s that backscatter
fall-off with incidence angle can be measured.

The surface arco sensed by oan arborne

it !

it

7421 Waveform examples. Frgure 7-13 15 an example
of the operation of the RAL altmeter over a vanety of sea
ice conditions in the margmnal wee zone of the Fram Steat
Consecutive waveforms exhibit dramatic changes i preo-
portion as the instrument passes over large e floes and
areas of open water inthe pack. Note that some waveforms
show saturation. One interesting inding ilustrated by the
waveform labeled o is that as the sliimeter passes aver a
lead only a few meters wide, the altimeter responds ex-
tremely sharply if the lead 15 at nadir. Fedor and Walsh
{1988] noted the same phenomenon in data from the Beau-
fort Sea. Since the power reflection coeflicient of water is
generally 11 dB higher than that for snow-covered seaice,
the water between ice floes dominates the backscattered
signal near nadir. Other observations from this da set
show that when the sea ice fills the footprint. waveform
shape becomes suggestive of ocean returns as the signal
level is modulated by the type and surface roughness of sea
ice present. Fedor et al. [1989] note tvpical peak backscat-
terstrengths of around 30 to 37 dB over arcas of new sea ice
and around 10 dB over deformed FY ice in the Beaufort Sea.
These observations show clese correspondence with the
findings of Drinkwater [1991] over FY ice in the Fram
Strait. Inthelatter study, accompanying surface measure-
ments [Tucker et al., 1987] led to attempts to classify ice
types using the altimeter waveforms. The study revealed
four distinct surface classes based on surface roughness for
fall-off of backscatter with incidence angle) and normal
incidence backscatter coefficient. These corresponded in
near-coinaident SAR images and acrial photographs with
smooth, bare FY ice with minimal ridging: snow-covered FY




Sea Loy ALTiME TRy

SCALE 120000

P R T
BT R IR NN

k3
.
4

e e e
PRV g 4

al —‘A>A . .
L - TSy e
R S S N

e A b de

I}

o TR S P e g

.. S0 LI SR S TR TSI SR JIRC I TS RS TR IR Y
Fig. 7-13. MIZEX'84 RAL airborne altimetry over mixed ice
concentrations in the Fram Strait. Waveforms show received
power in range gate bins [Drinkwater, 19571

Pt}

ice: rotted, rough conglomerate ice floes: and MY ice with
large-scale surface roughness.

In ice~water mixtures. the rapidity with which the
power decays after the peak is largely a function of the wave
slope (see Section 7.3.4). Some areas, such as for waveform
b. provide non-fetch-limited regions of almost open water
within the pack. Wind-generated gravity and capillary
waves develog rapidly in the absence of floes (unlike at ¢+,
The waveform trailing edge responds dramatically to the
presence of these waves and particularly to the higher wave
slopes. The waveforms become more ocean-like, albeit with
a relatively high normal incidence backscatter coefficient
due to the lack of large gravity waves,

Volume scattering cannot be neglected when old ice has
low-density, bubbly upper layers (Chapter 2). Volume
scattering leads to a backscatter response function that
tapers much more gradually with incidence angle. It is
suggested as a mechanism for some Fram Strait observa-
tions where neither the rms surface roughness nor the
residual aircraft motion can account for the spreading of the
waveform leading edge. Together with the large-scale
surface roughness observed on vast low-salinity MY floes,
volume scattering appears to result in rms tracker delay
variability or height fluctuations of between ¢ and 4 m
[Drinkwater, 1991|. The snow depth on these floes aver-
aged 28 cm, and ridge sail heights varied between 3 and

S Do contrast, over darpe FY loes e g
surtace berght vartbality was less thoan 1 ometer
LPACRINY eXCursions were nol Gotied  Por the satie o terts W
vecur it salethite data, the radar would Likely huse
directlv over w vast MY e floe or seebery

Lt !3('
Tro —itaation
would be vncountered i the Arctic duning wanter conditions
and in the Antarctic, where Vit tubular webergs are sftes
observed by altimetry " Molntyre and Cudhp 1957 Liaon,
1989; and Hawkins et al | 194

7422 lee concentraluw dertcatoon frorsairkoai o

servations. Attempts hivve been naede Uuse situnetes for
1ce concentration measurements  The models desorbaed i
Section 7.3 3 vield fractional areus of simooth sor sond open
water facets, if reflection coutlicient and =izc are speoitied

These do not. however.ncorporate the slope distribation,
which s portrayed for bothice floes and the water between
inthe heunisticmodel i Frgure 7140 This model ttlustrates
the dechme in significant wuave height caused by se e

wave attenuation: Rapley 1980 tand the associnted declime
inwave slope as short wavelength waves are preferentinihy
damped. The resulting modulation of the wiscform power
directly from ice conventration will therefore vary as a
functionofboth rms wave haewwht and fractional coverape of
seaice thased on the premize that the returned powerin the
waveform decays as the rino of low-reflectivity 1ce to hnrhe
reflectivity water increases)
waveforms at concentrations of G, 20, 40, 60, x4 and 1004
for a given wave regime.  In cach cose the total heght
distribution is a combined offect of wave hiaght rce surface

roughness, and penetration, while the form of the waveform
tratling edges 1= a result of the wove slopes observed
between ice floes.

Using altimeter data over ocean surface < inside the MiZ
edge, Drninkwater 1195871 shows that the angutar hackscat-
ter scattering function 1s predicted by noncoherent peo.
metric-optics theory. The model fit to the dota mves an rms

Figure 7-14 shows jdeshized

S A ﬁ\ .

Fig. 7-14. Waveforms generated by heuristic model of wave decay
with attenuation, and families of waveforms associated with varving
ice concentration: 0, 20, 40, 60, 80, and 1004 {Drinkwater. 195371




slope 12.8°. This is consistent with waves measured in the
ice edge for a fairly well-developed sea. With increasing
distance into the MIZ, observations show a corresponding
decrease of rms slope to around 3° at 40 km from the ice
edge. The progressive damping of ocean waves as they pass
into the MIZ results in more and more spiked echoes from
the water between ice floes, as shown in Figure 7-14. Thus,
waves and the wave spectrum in the MIZ mutually interact
with the shape and strength of altimeter signals and must
be considered when attempting to derive concentration
from waveforms. Inananalysis ofthe relationships between
backscattered powerand ice concentration in the Greenland
Sea, Drinkwater {1991 | investigates airborne Ku-band sig-
nals for which there are accompanying SAR and photogra-
phy data. To obviate the requirement for compensating
wave height information, altimeter waveforms are chosen
beyond the point at which they are modulated by waves.
These are subsequently compared with digitized, simulta-
neous aerial photographs over a track length of 130 km.
Both the peak backscattered power and integrated power in
the trailing edge of the waveform are shown to be related to
the ice concentration. However, because of the saturation
effects found in these data, the peak power could not be used
for accurate ice concentration retrievals. The waveform
integral, on the other hand, declines monotonically with
increasing ice concentration and is reasonably robust. Re-
gression analysis shows that the relationship between
these two variables had a correlation coefficient of -0.81,
and 65% of the signal energy variance is accounted for using
this measure alone. The rms residual erroris 13%, and the
remainder of the variance is accounted for by varying
surface conditions due to local wind roughening, varyingice
types, ice roughness, and other factors.

7.4.3 Satellite Measurements

A common problem in the analysis of altimetry is to find
high-quality surface truth data with which to determine ice
conditions during the sensor overflight. For corroborating
the interpretation of satellite altimetry the most successful
data source has been SAR [Swift et al., 1985, Ulander
1987a, Fettereret al., 1991, Ulander and Carlstrom, 1991].
Examples of investigations that rely on SAR are given in
this section. Comparisons of altimetry with imagery from
passive sensors is reserved for Section 7.4.4.

7.4.3.1. Echo waveform simulations compared with
measurements. We noted earlier that it is impossible to
d: .ermine unambiguously the scattering mechanism from
a single narrow-peaked waveform. However, a series of
such vwaveforms may provide this information as the altim-
eter moves from a smooth area into an adjacent area with
diffusely scattering characteristics. For true specular re-
flection, the returned power essentially originates from the
first ¥Fresnel zone. This implies a horizontal resolution
according to Equation (9), which is almest an order of
magnitude finer than the pulse-limited resolution for an
ERS-1 class altimeter. Hence, the echo waveform will, in
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the specular case, respond more quickly to a change from a
narrow-peaked to a diffuse type of scattering.

This observation has been used to determine the scatter-
ing mechanism of narrow-peaked waveforms over seaice 1n
the Baltic Sea [ Ulander and Carlstrom, 1991}, A sectionof
Geosat altimeter data was extracted over a newly frozen
lead surrounded by very deformed ice. The former produced
narrow-peaked waveforms and the latter essentially dif-
fuse wavetorms. A pulse echo series was then simulated by
integrating over the illuminated surface at each platform
position along-track, and an echo waveform was produced
by averaging over one hundred pulse echoes The surface
composition is shown in Figure 7-15(a). It was derived from
a high-resolution airborne SAR image that delineated the
two surface types. Figure 7-15(b)shows the Geosat normal
incidence backscatter coefficient and two simulations that
assume a coherent and noncoherent mechanism, respec-
tively. In the noncoherent simulation, the young ice was
represented by a model according to Equation (17}, whereas
in the coherent simulation all the returned power origi-
nated from the first Fresnel zone with uniform weighing.
Note the close agreement between the Geosat data and the
noncoherent simulati..». The model parameters in Equa-
tion (17) were chosen as F = 3.3% and &, = 0.068" (for D =
5.5 m). The coherent simulation, on the other hand. shows
a much higher sensitivity to the changing surtace charac-
teristics than does the Geosat data. This particular ex-
ample shows that the narrow-peaked waveforms over the
frozen lead, corresponding to a high backscatter coefficient
of 32 dB, were indeed noncoherent in nature. The back-
scatter value over the lead in Figure 7-15(b) is somewhat
less due to distortion by the pulse echo simulation and
waveform averaging.

The remaining issue toresolve is whether the noncoherent
scattering is in accordance with the geometrical optics or
flat patch model. Both models predict a backscatter coeffi-
cient of the same functional form and have essentially the
same effective backscattering coefficient for narrow-peaked
waveforms. Note, however, that the cause for the angular
response is quite different. In the geometrical ¢ptics model
it is determined by the rms surface slope, since the reflect-
ing specular points are infinitely large compared to the
wavelength; in the flat patch model it is determined by the
flat patch diameter since the patches are assumed horizon-
tal (i.e., with zero surface slope). There are, as yet, no field
measurements which could help resolve this question. In
general it would require that the joint height probability
density function be determined for scale lengths between 1
cm and 100 m. Hence, our effort in the future must turn
toward more sophisticated field measurements of the sur-
face roughness.

7.4.3.2. Ice type signatures in satellite measurements.
With an approach quite different from that outlined in
Section 7.4.2 for airborne altimetry, Chase and Holyer
[1990] extend the measurement of ice type and concentra-
tiontosatellite aliimetry. Their work uses alinear unmixing
model, suggested by the fact that waveforms from the MIZ
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Fig. 7-15. (a) Simulated surface composition derived from an

airborne SAR image of Baltic Sea ice, and (b) simulation result
compared with Geosat measurements [Ulander and Carlstrém,
19911

and pack are usually the result of backscatter from mix-
tures of ice and water in the footprint. Each waveform is
represented as a multidimensional vector that can be ex-
pressed as a linear combination of end member vectors.
Analysis consists of identifying the end members and asso-
ciating each with a surface type. Althoughthe modelcanbe
adapted for nonlinear combinations of waveforms, Chase
and Holyer argue that it is not necessary for the data they
examined. Using manually interpreted airborne passive
microwave imagery collected in the Greenland Sea within
hours of a Geosat overpass, Chase and Holyer found that
the analysis of the concentration of three combinations
of types fopen water and brash ice, FY and old ice, and
young and new ice) agreed with that from the passive
microwave analysis to within 4.6% over the experiment
area. Interestingly, the shape ofthe end member paradigm

wavelorms suggests that concentration i this analyvais
directly proportional to peak power and wuvefuorm intepr.d,
Poussible explanations for this contrust with the wirborne
case are the differences in scale and range discussed i
Seclion 7.3.2.

Most investigations of the ability of sutelhite altunctar
measurements to distinguish between broad ee thickniess
classes and to detect water openings, starting with thut of
Dwyer and Godin [ 19801, have only used the altimeter dis
in a relative sense. This is because the data lack absohute
radiometric calibration. t should be emphasized that it
only possible to obtain an effective bauckscatter cocflicient
when the angular waveform 1s narrow peaked. By assum-
ing a particular form of the angular response, it may then
be possible to obtain a better estimate of the backscatter
coefficient at normal incidence. This inherently assames
that the system impulse response is sufficiently narrow to
resolve the angular scattering cesponse and that the scat-
tering mechanism is known.

The correlation between radar backscatter at normal
incidence and Arctic and Baltic winter ice types has been
described by several investigators [Ulander, 1987a, 195%;
Fedor et al., 1989; Ulander and Carlstrom, 1991 Thste-
grams of the normal incidence backscatter coefficient for
some of these ice types are shown in Figure 7-16. The
normal incidence backscatter coefficient decreases in gen-
eral for increasing ice thickness, such that new ice hus the
highest values (30 to 40 dB) and MY ice the lowest (10 to
20dB). Very deformed ice also has a low backscatter
coefficient (10dB). Notethe high mean values forallclasses
when compared with the surface measurements of Section
7.4.1. These results suggest that broad ice classes can be
inferred from the altimeter backscatter data. provided the
surface conditions do not change rapidly along track. When
the latter is not the case (for instance in the MIZ:. the
signature shows a large variability. which introduces dif-
ficulties in the interpretation.

Figure 7-17 shows curves of the backscatter coefficient
and the echo waveform width (a measure of diffuse scatter-
ing) for a Seasat altimeter track in early October off the
coast of Alaska [Ulander, 1987b]. The curves are overlaid
on a Seasat SAR image that was acquired a few hours
earlier. Narrow, peaked waveforms dominate over the
pack, except where the nadir track crosses two large floes.
Figure 7-18 shows asimilar comparison of Geosat altimetry
and airborne SAR in the Greenland Sea [Fetterer ¢t al.,
1991]. Here, however, the high-frequency variability in
backscatter is much greater. Backscatter is from the
0.1-second waveforms. Note that AGC is a somewhat
smoothed version of peak power. The voltage proportional
to attitude, or VATT parameter, is a measure of power in
later gates. Low values of VATT (plotted every second!
indicate peaked returns. The parameters in Figure 7-18¢c)
delineate zones:

1) The MIZ, where backscalter rises from 9 to 30 dI3 as
the ice edge is crossed. Waveforms are strong and peaked,
suggesting reflection from water between the small floes,
which give a bright return in the SAR image. Backseatter
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Fig. 7-16. Backscatter histograms for (a) Beaufort Sea ice from
Seasat data (Ulander, 1988], and (b) Baltic Sea ice from Geosat
data [Ulander and Carlstrém, © 1991 IEEE].
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drops shghtly over an expanse of open water zeveral kilo
meters wide, where wind mayv roughen the surface.

2) The puck, where variability 15 hugh. Backscatter -
somewhat lower inthe western half, where there s a larper
percentage of roughice. Backscatterdips over twolarge old
flues, which appear quite bright in the SAR imaype

3iThe fast ice, where backscatter reaches its lowest leved
and waveforms are not peaked but are more characteristic
of ocean returns. This is evident in the waveforms plotted
in Figure 7-18(a.

While changes in the nature and variability of wave-
forms arerevealing, cautionshould be taken ininterpreting
the power and shape of waveforms from an inhomogeneous
area such as this in terms of ice roughness or type. Instru-
mental effects and rapid changes in surface characteristics
{described in Section 7.2.5} drastically alter individual
averaged waveforms.

7.4.4 Satellite Altimetry Compared With Infrared. Visihle,
and Passive Microwave Imagery

In Sections 7.4.2 and 7.4.3 aerial photography or SAR
imagery was used to gain insight into scattering mecha-
nisms and to test the possibility of deriving concentration
and type estimates from altimetry on a case-by-case basis.
Further applications arise from the synergistic use of radar
altimetry with imaging sensors. For example, if a certain
icetype canbeidentified inimagery, thismay aid greatly in
the interpretation of the radar altimeter data, which may
then be used to measure surface elevation and roughness
(derived from waveform leading edge width). This section
compares altimetry with wide-swathimagery onthe regional
and global scales required of operational algorithms. Such
comparisons enhance our understanding of the operation of
both sensors while aiding the development of altimcter
data algorithms. Immediate applications lie in the area of
algorithm validation. Forexample, the altimeter hasshown
great promise in validating ice extent mapping by passive
microwave instruments. In addition, ERS-1 altimeter sea
ice products can be validated using data from the ERS-1
Along Track Scanning Radiometer.

7.4.4.1. Waveform parameterization. Figure ~-19shows
the two parameters computed from altimeter waveformsto
quantify the response over seaice in the following analysis.
The first, SIGPK, represents the peak backscatter mea-
sured in the return echo. The second, SIGTD, is computed
as the difference between the average power in eight early
and eight late range gates in the altimeter return. SIGTD
is essentially 2 measure of the degree of peakiness in the
return echo.

7.4.4.2. Observations of a compact ice edge in the
Greenland Sea. The Advanced Very High-Resolution Radi-
ometer (AVHRR)onboard the NOAA serjes of polar orbiting
satellites provides visible and infrared imagery with a
swath width of 2900 km and nadir resolution of 1.1 km. It
iz routinely used for operational ice analysis. Figure 7-20{a)
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Fig. 7-17. Seasat altimeter measurements in the Beaufort Sea compared with Seasat SAR for October 3, 1978 [Ulander, 1987h].

shows four Geosat altimeter tracks overlaid on a channel 2
(visible band) image of the Greenland Sea. Both altimeter
data and imagery were acquired on May 10,1987. Param-
eters SIGPK and SIGTD are derived for every waveform.
There is therefore a value every 0.1 seconds, or every 0.7km
along the ground track. A sharp rise in both parameters is
observed close to the ice edge visible inthe imagery. Insome
cases, notably tracks B and C, a rise in SIGPK is observed
outside the ice edge and before any noticeable rise in
SIGTD. The cause of this is unknown, but the examples
demonstrate the sensitivity of the altimeter to the presence
of sea ice. A similar rise in backscatter, related to the
damping of waves due to the proximity of sea ice, is seen in
the surface measurements of Section 7.4.1. The highest
strength (with values up to 40 dB) and most peaked echoes
are observed just inside the ice edge, which is normally
populated by small (<100 m) ice floes. Furtherintothe pack
the waveform strength and peakiness decrease and become
more variable. This is attributed to a less heterogeneous
surface caused by the presence of larger ice floes. In some
areas, such as where track A crosses track D, cloud cover
can confuse identification of the ice edge. In such cases the
altimeter may be used to better identify the loca“ion of the
ice edge.

7.4.4.3. Observations of adiffuse iceedge in the Greenland
Sea. Figure 7-20(b) shows three altimeter tracks overlaid
on an AVHRR channel 4 (infrared) image acquired on
March 18, 1987. In this instance an off-ice wind results in
a more diffuse ice edge than is observed in the May 10
image. The two altimeter tracks labelled A and B show a
gradual increase in echo strength over some distance with
little increase in echo peakiness. This is attributed to a
more gradual damping of ocean waves than is observed in
the May 10 image. Again the strongest and most peaked
returns are observed further into the ice pack.

Of particular interest in this image are the two large
floes observed close to the coast and transected by altimeter
track B. The floes are clearly delineated by low strength,
ocean-like echoes. Unlike other areas of the pack, where
smooth ice or open water can occur within the altimeter
footprint, over these vast ice floes the altimeter is observing
only a rough ice surface. Such a phenomenon may make it
difficult to discriminate between the return from open
water and that from a large floe. However, because such
surfaces fill the footprint for several waveform integration
times, they do provide the possibility of measuring meter-
scale roughness and evenice freeboard. The AVHRR image
was acquired some 13 hours after altimeter pass B. The
southward offset of the two ice floes with respect to the
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Fig. 7-18. (a) Geosat altimeter waveforms from April 13,1987, with a (b) near-coincident (within 1 hour) airborne SAR image of the East
Greenland Sea at 72° N. White lines on the image mark the approximate position of the 9-km-wide range-window-limited footprint. {¢)
Measures of peak power, ¢°(0), average power, AGC, and waveform shape, VATT, are plotted, Along-track registration of SAR image

and altimeter data is estimated to be within 2 km [Fetterer et al., 1991].

signal in the altimetry can be attributed to motion in the
East Greenland current.

A similar ocean-like signal is observed over the fast ice,
with a sharp decrease in echo strength at the fast ice
boundary followed by a slight step increase in echo strength
further into the coast. Again this is due to the altimeter
observing only a homogeneous rough ice surface. The
delineation of two zones within the fast ice suggests that the
altimeter is discriminating between an inner zone of fast ice
that has survived the winter intact, and an outer, rougher
zone that has been broken up at some time by a winter
storm. (Similar zonation in the returns from fast ice is
apparent in Figure 7-18).

7.4.4.4. Midwinter image of the Kara Sea. ¥Figure 7-23(c}
shows three altimeter tracks overlaid on an AVHRR chan-
nel 4 image of the Kara Sea acquired on February 21, 1986.
Waveform echo data are not available for this period and
therefore the AGC values are displayed. In this thermal
image, darker areas indicate higher surface temperatures
and therefore thinner ice. To the right of the island Novaya
Zemlya an area of relatively new ice has formed. On the far
right-hand side of the image a further large frozen lead,
some 20 km across, is observed close to the continental land
mass. For this image, echo strength shows a strong corre-
lation with ice age. New, smooth ice produces stronger
returns than older, rougher ice. This phenomenon is ex-
actly what would be expected when considering normal
incidence radar backscatter over surfaces with varying
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Fig. 7-19. Waveform parameters SIGPK and SIGTD are measures
of the peak power in a waveform and of the peakiness, or rate of
backscatter fall-off with incidence angle, in the waveform. SIGTD
is calculated by taking the difference in average power between
eight early and eight late range gates.

degrees of roughness. The highest echo strengths are
observed over the narrow lead, which is slightly darker
than the ice just east of Novaya Zemlya. Within the older
ice some cracks are observed to correlate with individual
peaks in the altimeter AGC value. In some cases peaks are
observed in AGC that do not correiate with any cracks
visible in the imagery. Smooth ice or open water not
resolved in AVHRR imagery are believed responsible for
these peaks. These observations demonstrate the sensitiv-
ity of altimeter data to areas of thin ice and leads. The
mapping of leads has great importance to sea ice research,
as leads modify ocean—atmosphere heat transfer in the high
Arctic.

7.4.4.5. Midwinter image of the Chukchi Sea.
Figure 7-20(d) shows three altimeter tracks overlaid on an
AVHRR channel 4 image of the Chukchi Sea acquired on
March 14,1988. All three tracks show numerous peaks in
the echo strength, especially near coasts and islands. Here,
leads are most likely to occur when winds blow older ice
away from the coast, allowing new ice to form. Judging by
high SIGPK and SIGTD values, a large area of new ice may
be north of Wrangel Island, although this is difficult to
observein the imagery. This again shows the usefulness of
altimetry as an adjunct to visible or infrared imagery.

7.4.4.6. Altimetry coincident with passive microwave
imagery. Satellite passive microwave data has been widely
used for mapping global sea ice cover. Satellite altimetry
provides the only practical alternative means for global
synoptic monitoring of sea ice extent. The merging and
comparison of data from these two sensors is therefore an
obvious means to improve understanding of both [Laxon
and Askne, 1991].

Inthe following analysis we examine data from a merged
product produced using data from the Geosat altimeter and
the SSM/1 flown on board the Defense Meteorological Sat-
eilite Program (DMSP) satellite series. The five brightness

temperatures recorded by the SSM/I for the day and loca-
tion of each altimeter data point are appended to the Geosat
Geophysical Data Record (GDR). The spatial coincidenceis
therefore within 25 km (the gridded resolution of daily
average SSM/I brightness temperatures) and the temporal
coincidence within one day. The merged data set can then
be used to directly compare the ice extent mapped by the
twosensors. The SSM/I data are processed using the NASA
Team algorithm. The algorithm used for detecting the ice
edge in the Geosat data record uses the standard deviation
of the 10 surface height values recorded in the GDR over
1 second. Over sea ice, the disruption of the tracker {(de-
scribed in Section 7.2) resultsin a significant increase inthe
standard deviation of the height measurement [Laxon,
1990]. Other algorithms have used the rise in AGC and the
drop in SWH to detect the ice edge and the penetration of
swell in the MIZ [Rapley, 1984] and the rise in the ratio of
AGC to VATT that occurs as the edge is crossed [Hawkins
and Lybanon, 1989].

Figure 7-21 shows a series of altimeter tracks for
August 3, 1987 overlaid on a polarization difference image
generated from the 85 GHz channel. Although the 85 GHz
channel suffers from some weather >ntamination, the ice
cover is reasonably visible. A data ..ntis plotted in white
where both sensors indicate that ice is present. Where only
the altimeter indicates ice the data point is plotted in red.
Where only the SSM/I indicates sea ice is present the data
pointis plotted in green. If neither sensor indicates that ice
is present, a blue data point is plotted. Both sensors show
an ocean signal in most areas away from the ice boundary,
with the exception of some green points north of Scandinavia
where the SSM/I incorrectly identifies some areas as being
ice covered. It is well known that the SSM/I maps some
areas of open water as ice due to weather effects. In the
Beaufort and Chukchi Seas, various areas of both green and
red points are observed. The red points appear to lie near
the ice boundary, while the green points occur within the
pack (in one case over what might be an area of open water).
Small areas of red points are also observed in the Kara and
Greenland Seas. These may delineate ice cover below the
lowest concentration detectable using SSM/I1.

In order to look at the Geosat altimeter and SSM/I
differences on a larger scale, two 17-day merged data
sets were compiled, one during midwinter and one
during midsummer for both hemispheres. The data plots
produced from these data sets do not show any points where
both instruments indicate no ice to be present. This is to
permit clearer delineation of areas of disagreements. Fig-
ure 7-22(a) shows data for August 1987 in the Northern
Hemisphere. The amount of ice cover below 72° N (the
northern limit of coverage) is limited, but significant clus-
ters of red points are observed in the Greenland, Beaufort,
Barents, and Kara Seas. Atlower latitudes, such as around
the British Isles, a large number of green data points
illustrate the problem of weather effects in the SSM/I data.
Figure 7-22(b) shows the corresponding image for February
1988. During maximum extent there is much better agree-
ment overall between the altimeter and the SSM/I. The few
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Fig. 7-20. (a) An AVHRR visible image of the Greenland Sea, with altimeter waveform parameters overlaid along the Geosat altimeter
track {Scoresby Sound is near the center of the image); (b) as in {a}, but with a less compact ice edge; (c) infrared band image of the Kara
Sea, with Geosat AGC values plotted every 0.1 s along the nadir track; and (d) infrared band image of the Chukchi Sea, with waveform
parameters.

exceptions are in the Chukchi Sea, around 165° E, and in
the Greenland Sea, where some green points are observed.
These points may be attributable to areas of fast ice and
vast floes which, as seen in the comparisons with AVHRR
data, result in an altimeter signal that is difficult to distin-
guish from open water.

Figure 7-22(c) shows the Southern Hemisphere during
February 1988. There is a clear geographic zonation of

gre-n and red points. Since the altimeter samples the ice
edge at random points during the 17-day period, the fact
that the areas of disagreement are geographically corre-
lated strongly suggests some geophysical cause. Red points
in particular are observed mainly in the Weddell and Ross
Seas, with green points occurring in the Bellingshausen
Sea and along the eastern coast of the Antarctic continent.
The cause of this discrepancy is not understood, but the
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ence image.

implications for ice edge mapping are significant, since the
altimeter is routinely identifying anice edge nearly 100 km
outside that identified by SSM/I in some areas. The green
points on the eastern part of the continent might be attrib-
utable to fast ice, but those in the Bellingshausen Sea are
more difficult to interpret. In contrast to the Northern
Hemisphere weather effects do not seem to result in so
many green points over the open ocean. Figure 7-22(d)
shows the corresponding image for August 1987. Again
there is better overall agreement during the winter period,
with very few red points occurring anywhere. Some areas
of green points are observed mainly in the Bellingshausen
Sea. The reason for this is not fully understood. It may be
attributable to areas of nearly 100% ice cover, resulting in
an ocean-like altimeter signal.

7.5 SuMMaARY

Potential users of radar altimetry will find sources for
data from past, present, and future missions listed in
Massom {1991), with a treatment of the applicability of the
data to polar studies. Methods for extracting various ice
parameters from the data record have been suggested in
this chapter. Additional parameters and alternative ways
of deriving parameters can be found in the literature (e.g.,
Rapley et al. (19871).

Generally, ice parameters are arrived at by first
retracking and editing the altimeter data record and then
deriving waveform parameters that are linked to the de-
sired ice parameters. The processing required to derive a
waveform parameter and the strength of theory linking it to

an tee parameter vary, Ulander, for instance, cdeulates
backscatter from waveforms and classes iee on the buses of
backscatter [Ulander, 19911 Drinkwater [TH9T ] finds the
theoretically inverse relationship between the mtegrad of
wavelorm power and ice concentration horie out 11 meae
surements. Chase and Holyer [T990] perform a zophisty-
cated analysis of waveform shape, and empirically link
shape to different ice types and concentrations. Other
algorithms usc parameters that are more distantly
derived from waveform power und shupe. For iostance,
SWH has been used to measure swell penetration of the
MIZ, and AGC has been used to mark the e edge txce
Section 7.4.4). While AGC and SWH can he process=ed
quickly and are more readily available than the waveforms
themselves, they are the resultof averaging waveformsand
therefore have disadvantages. Yet another approach is to
link variability in waveform parameters withice conditions.
Variability in waveform power aids in the delineation of
zones in Figure 7-18, while the standard deviation of the
height measurrmentis used in Section 744 to locate the ice
edge.

With the exception of ice edge, it has not been demon-
strated that any ice parameter can be reliably retrieved
from altimetry on more than a case study basis. The
research reported here strongly indicates that this will
change. The best hope for progress in thisdirection may he
in seeking an empirical connection between waveform pa-
rameters and ice conditions using global satelhite data sets.
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